Introduction {#s1}
============

The prevalence of diabetes mellitus and number of people that suffer from diabetes-related complications continues to rise worldwide [@pone.0095561-Rathmann1]. Diabetes predominantly affects the microvascular circulation resulting in a range of unique vascular changes, which are tissue specific [@pone.0095561-Frank1], [@pone.0095561-Gardner1]. Hyperglycemia is the primary cause of diabetes complications, including diabetic retinopathy (DR). Diabetic retinopathy is the leading cause of vision loss in many developed countries [@pone.0095561-Frank1]. Hyperglycemia-linked pathways, including retinal ischemia and increased vascular permeability, are augmented by hypertension, and are common pathways underlying the development of vision-threatening conditions in DR [@pone.0095561-Cheung1]. Visual loss primarily occurs from either proliferation of new retinal vessels (proliferative diabetic retinopathy) or from increased permeability of retinal vessels (diabetic macular edema) [@pone.0095561-Aiello1]. The pathogenesis of DR is multifactorial and affects all cell types in the retina. The selective degeneration of retinal pericytes (PC) is an early diabetic retinal vascular change. Retinal PC loss progresses over time, which includes endothelial cell loss, resulting in the formation of acellular capillaries. In the late stages of DR, ischemia-induced pathologic growth of new blood vessels causes catastrophic loss of vision [@pone.0095561-Aiello1]. The precise early molecular and cellular changes, which occur under hyperglycemic condition in the retinal vasculature, remain poorly understood.

The O-linked β-N-acetylglucosamine (O-GlcNAc) modification is an important target of hyperglycemia and perhaps the pathogenesis of DR. O-GlcNAc modification is one of the most common posttranslational modifications, involving a wide-range of proteins including cytoplasmic, mitochondrial and nuclear. This unique and dynamic form of glycosylation occurs by the attachment of O-GlcNAc on the hydroxyl group of serine and/or threonine residues, similar to phosphorylation. The end product of hexosamine biosynthetic pathway (HBP), uridine diphosphate N-acetylglucosamine (UDP-GlcNAc), is used for O-GlcNAc modification of proteins [@pone.0095561-Ngoh1]. The HBP shares its first two steps with glycolysis; first, hexokinase phosphorylates glucose to produce glucose 6-phosphate, which is converted into fructose 6-phosphate. The majority of fructose-6-phosphate is channeled to glycolysis, 2--3% of it goes to the HBP. This pathway begins with the conversion of fructose-6-phosphate into glucosamine 6-phosphate by the rate-limiting enzyme, glutamine fructose-6-phosphate aminotransferase (GFAT), followed by the acetylation of gluocsamine-6-phosphate to N-acetyl-glucosamine-6-phosphate (GlcNAc-6-P). Next, are the two reversible reactions: the conversion of GlcNAc-6-P to GlcNAc-1-P, and formation of UDP-GlcNAc by UDP-GlcNAc pyro-phosphorylase. This high-energy molecule serves as the monosaccharide donor for the post-translational modification by O-GlcNAc transferase (OGT). O-GlcNAcase (OGA) removes O-GlcNAc modification from proteins [@pone.0095561-Ngoh2].

Hyperglycemia may accelerate HBP, and several studies suggest that altered O-GlcNAcylation may be involved in insulin resistance and the pathogenesis of diabetes complications [@pone.0095561-McClain1], [@pone.0095561-Whelan1], [@pone.0095561-Yang1]. However, very little is known about how this modification, and its protein targets, are altered in the retinal vascular cells, and contribute to the pathogenesis of DR. In our recent work, we showed that the level of O-GlcNAcylation varies both at the basal level and under high glucose conditions in retinal vascular cells [@pone.0095561-Gurel1]. One of the earliest vascular changes during the pathogenesis of DR is loss of retinal PC [@pone.0095561-Cogan1]. Retinal PC respond to high glucose with a significant increase in O-GlcNAc modification compared to both retinal endothelial cells (EC) and astrocytes (AC). Furthermore, high glucose and O-GlcNAc modification increasing agents (Thiamet-G and PUGNAc) attenuated the migratory activities of retinal PC but not retinal EC or AC [@pone.0095561-Gurel1]. Here we also found that high glucose and elevated O-GlcNAc modification increased apoptosis of retinal PC, but not retinal EC or AC. By using alkynyl-modified GlcNAc analog (GlcNAlk), in combination with a biotin affinity tag, we have identified 431 O-GlcNAc modified target proteins in retinal PC, 115 of which were not previously reported. Functional categorization of target proteins indicated that 34 are involved in cell death related pathways. Increased O-GlcNAc modification of these proteins and their altered functions could be responsible for the selective PC loss under hyperglycemic conditions.

Materials and Methods {#s2}
=====================

Isolation and Culture of Primary Retinal Vascular Cells {#s2a}
-------------------------------------------------------

Retinal vascular cells including retinal EC, PC, and AC were isolated from 4-weeks old C57BL/6-Immorto mice and cultured as we have previously described [@pone.0095561-Cogan1], [@pone.0095561-Scheef1], [@pone.0095561-Scheef2], [@pone.0095561-Su1]. Multiple isolations of these cells are available in the laboratory and their identity has been confirmed by staining for cell specific markers and analyzed by FACScan caliber flow cytometer.

All experiments were carried out in accordance with the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Institutional Animal Care and Use Committee of the University of Wisconsin School of Medicine and Public Health.

Trypan Blue Exclusion Test of Cell Viability {#s2b}
--------------------------------------------

Cells grown under 5 or 25 mM glucose for 5 days and 100 nM Thiamet-G (Cayman, Ann Arbor, MI), 50 µM PUGNAc (Sigma, St. Louis, MO), 50 µM DON (Sigma) or 2.5 mM Alloxan (Sigma) added to medium of treatment groups 1 day before harvesting them. Next, cells trypsinized and mixed 1∶1 with 0.4% trypan blue solution (Sigma). Viable cells exclude trypan blue, while dead cells stain blue due to trypan blue uptake counted on hemocytometer. Experiments were repeated at least three times for each condition.

Cell Proliferation Assay {#s2c}
------------------------

Cells were plated in 96 well plates and incubated with or without inhibitors as described above. The proliferation values of live cells was determined using the CellTiter 96 AQueous Non-Radioactive Cell Proliferation Assay kit (Promega, Madison, WI).

TUNEL Assay {#s2d}
-----------

Cells were seeded on coverslips and cultured under indicated conditions. Following incubation, the cells were fixed using 4% paraformaldehyde in PBS followed by a permeabilization with 0.25% TritonX-100. Next, cells stained with a terminal-deoxynucleotidyl transferase-dUTP nick end-labeling (TUNEL) assay (Click-iT TUNEL Alexa Fluor 594 Imaging Assay; Invitrogen, Carlsbad, CA) to identify cells with fragmented DNA. Nuclei were counterstained with 4′,6- Diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA). Fluorescence signals were detected with a Zeizz Axiophot and results were recorded with an Axiocam HRm digital camera. For each slide 10 images (counting ∼1000 cells) were obtained from randomly selected fields and analyzed.

Ac~4~GlcNAlk Synthesis {#s2e}
----------------------

Ac~4~GlcNAlk was synthesized according to literature procedures [@pone.0095561-Gurcel1], [@pone.0095561-Zaro1].

Azido-Azo-Biotin Synthesis {#s2f}
--------------------------

Azido-azo-biotin was synthesized according to literature procedure [@pone.0095561-Charron1].

Biotin Enrichment {#s2g}
-----------------

This procedure was adapted from Zaro et al [@pone.0095561-Zaro1]. Retinal pericyte pellets labeled with Ac~4~GlcNAlk (200 µM) or DMSO for 16 h under low glucose conditions were resuspended in 200 µL H~2~O, 60 µL PMSF in H~2~O (250 mM), and 500 µL 0.05% SDS buffer (0.05% SDS, 10 mM TEA pH 7.4, 150 mM NaCl) with Complete Mini protease inhibitor cocktail (Roche Biosciences). To the resuspension was added 8 µL Benzonase (Sigma). The cells were incubated on ice for 30 min after which cells were lysed with 2000 µL 4% SDS buffer (4% SDS, 150 mM NaCl, 50 mM TEA pH 7.4). Following a brief sonication in a bath sonicator, the insoluble fraction was pelleted by centrifugation (10 min, 20,000×g at 15°C). Protein concentration of the soluble fraction was normalized by BCA assay (Pierce, ThermoScientific, Chicago, IL) to 1 mg/mL (10 mg total cell lysate).

Newly made click chemistry reagents were added to each sample \[azido-azo-biotin tag (100 µM, 5 mM stock solution in DMSO); tris(2-carboxyethyl)phosphine hydrochloride (TCEP) (1 mM, 50 mM freshly prepared stock solution in water); tris\[(1-benzyl-1-H-1,2,3-triazol-4-yl)methyl\]amine (TBTA) (100 µM, 10 mM stock solution in DMSO); CuSO~4~•5H~2~O (1 mM, 50 mM freshly prepared stock solution in water)\] for a total reaction volume of 10 mL. The reaction was allowed to proceed for 75 minutes. Ice-cold methanol (4 volumes) was then added to the reaction and precipitation proceeded at −80°C for 2 h. Precipitated proteins were centrifuged at 5,200×g for 30 min at 0°C and washed 3× with 40 mL ice-cold methanol, with resuspension of the pellet each time. The pellet was then dried for 1 h. The protein pellets were then resuspended in 4 mL of resuspension buffer (6 M urea, 2 M thiourea, 10 mM HEPES pH 8.0) by bath sonication. The captured proteins were incubated with freshly-made 1 mM dithiothreitol (100 mM stock solution; Sigma) for 40 min to reduce cystienes. Further incubation with freshly prepared 5.5 mM iodoacetamide (550 mM stock solution; Sigma) for 30 min in the dark capped reactive cystienes. Streptavidin beads (250 µL; ThermoScientific) were washed 2× with PBS (1 mL) and 1× with resuspension buffer (1 mL) before being added to proteins. Proteins were incubated on a rotator for 2 h, washed 2× with resuspension buffer, 2× with PBS and 2× with 1% SDS in PBS (10 mL per wash, 2,000×g, 2 min). Samples were transferred to 2 mL dolphin-nosed tubes.

To cleave proteins from the beads, beads were incubated in 250 µL of sodium dithionite solution (1% SDS, 25 mM sodium dithionite) for 30 min at room temperature. Following centrifugation (2,000×g, 2 min), the eluent was collected. The elution step repeated and the combined eluent precipitated with 2 mL of ice-cold methanol. The precipitated proteins were collected by centrifugation (10 min, 10,000×g at 0°C), dried and resuspended in a minimal amount for 4% SDS buffer (20 µL). 2× SDS-Free loading buffer (20% glycerol, 0.2% bromophenol blue, 1.4% β-mercaptoethanol) was then added to the samples, and the samples were boiled for 10 min. The majority of this resuspended solution, 90%, was loaded onto SDS-PAGE for in-gel trypsin digestion, while the remaining sample was loaded onto another SDS-PAGE for validation of protein candidates by Western blot analysis.

LC-MS Analysis {#s2h}
--------------

Each lane of the SDS-PAGE gel was sliced into 10 fractions, and each excised gel slice was placed in a microcentrifuge tube. The gel slices were washed 2× with 50 mM ammonium bicarbonate (ABC, 300 µl, 15 min), destained 2× with a 1∶1 solution of 50 mM ABC/acetonitrile for 30 min, and then dehydrated in 100% acetonitrile. After drying the gel pieces in a SpeedVac, gel pieces were rehydrated in a trypsin solution (2 µg of trypsin per gel slice) and incubated at 37°C in a water bath for 18 h. The peptides were eluted in 50% acetonitrile in H~2~O with 0.1% TFA (200 µl, 2×), and SpeedVac dried. Samples were then subjected to nano-HPLC/MS/MS analysis (Thermo LTQ-Orbitrap in the Proteomic Resource Center at Rockefeller University).

LC-MS analysis was performed with a Dionex 3000 nano-HPLC coupled to an LTQ-Orbitrap ion trap mass spectrometer (ThermoFisher). Peptides were pressure-loaded onto a custom-made 75-µm--diameter, 15-cm C18 reverse-phase column and separated with a gradient running from 95% buffer A (HPLC water with 0.1% (v/v) formic acid) and 5% buffer B (HPLC-grade CH3CN with 0.1% (v/v) formic acid) to 55% B over 30 min, next ramping to 95% B over 10 min and holding at 95% (v/v) B for 10 min. One full MS scan (300--2000 MW) was followed by three data-dependent scans of the nth most intense ions with dynamic exclusion enabled. Peptides were identified using SEQUEST version 28 and were searched against the mouse International Protein Index (IPI) protein sequence database v3.45. Scaffold software (Proteome Software) was used to compile data.

Western Blot Analysis {#s2i}
---------------------

Cell lysates were separated by electrophoresis on precast Tris-Glycin 4--20% gradient gels (Invitrogen) and transferred to the Protran nitrocellulose membrane (VWR, Chicago, IL). The membranes were incubated with an anti-p53 \[FL-393\] (Santa Cruz Biotechnology, Santa Cruz, CA), anti-HSP90 (Cell Signaling, Boston, MA), anti-Galectin-1 \[EPR3205\] (Abcam, Cambridge, MA) and anti-β actin \[BA3R\] (Thermo). The blots were washed, incubated with appropriate secondary antibody, and developed using enhanced chemiluminescence reagents (ECL; Thermo Fisher).

Immunoprecipitation {#s2j}
-------------------

Immunoprecipitation of p53 protein was carried out using the anti-p53 antibody conjugated agarose beads (Santa Cruz Biotechnology). Lysate (equivalent to 500 µg total protein) was incubated with 10 µl of anti-p53 antibody conjugated agarose beads for over night at 4°C with gentle shaking. After washing the resin three times with lysis buffer, the beads were incubated with 40 µl of SDS±PAGE loading buffer for 1 min and then centrifuged at 2,000×g for 1 min to collect eluted antigen. The eluent was run on Tris-Glycin 4--20% gradient gels (Invitrogen), analyzed by western blotting as described above.

Statistical Analysis {#s2k}
--------------------

Experiments were repeated at least 3 times. Quantitative results were expressed as mean±SEM. ANOVA and t tests were used for statistical analysis, with P\<0.05 considered significant.

Results {#s3}
=======

Hyperglycemia and Elevated O-GlcNAc Modification Increases Apoptosis of Retinal PC, but not Retinal EC and AC {#s3a}
-------------------------------------------------------------------------------------------------------------

We have examined the effect of high glucose conditions on proliferation and apoptosis of retinal PC, EC and AC. Exposure to 25 mM glucose resulted in decreased viability of retinal PC, which was not observed in EC and AC ([Fig. 1A](#pone-0095561-g001){ref-type="fig"}). Moreover, agents known to increase O-GlcNAc modification, Thiamet-G and PUGNAc, decreased the viability of retinal PC cultured under normal glucose conditions (5 mM). Conversely, using agents capable of reducing O-GlcNAc modifications, DON and Alloxan, prevented the negative effect of high glucose on cell viability in retinal PC ([Fig. 1A](#pone-0095561-g001){ref-type="fig"}).

![Effects of high glucose and O-GlcNAc modification inducers on retinal vascular cell death and proliferation.\
Cells were assayed for cell death (A) and cell proliferation (B) under varying glucose concentration, with or without O-GlcNAcylation inhibitors, Don and Alloxan, and with or without O-GlcNAcylation inducers, Thiamet G (T--G) and PUGNAc. Cell viability was assessed by counting trypan blue-positive cells. Proliferation rates were determined by a MTS-based assay. High glucose conditions, or low glucose with O-GlcNAcylation inducers, significantly increased PC death (A) as well as decreased cell proliferation (B) compared to both EC and AC. Conversely, O-GlcNAcylation inhibitors neutralized the negative effects of high glucose on retinal PC. Mean ± SEM; \*\*\*(p≤0.01), and \*\*\*\*(p≤0.001) significantly different from 5 mM glucose control.](pone.0095561.g001){#pone-0095561-g001}

The decreased cell viability with high glucose was associated with increased rate of cell death in retinal PC, but not in retinal EC and AC ([Fig. 1B](#pone-0095561-g001){ref-type="fig"}). Thiamet-G and PUGNAc induced cell death in retinal PC cultured under normal glucose conditions (5 mM). DON and Alloxan prevented the high glucose mediated cell death in retinal PC ([Fig. 1A](#pone-0095561-g001){ref-type="fig"}). Furthermore, we detected a 2-fold increase in apoptosis of retinal PC under high glucose condition (25 mM glucose) compared with normal glucose (5 mM glucose) ([Fig. 2](#pone-0095561-g002){ref-type="fig"}). Together, these results, along with O-GlcNAc modification level profiles [@pone.0095561-Gurel1] suggest that the elevation of O-GlcNAc modification is responsible for the effects of hyperglycemia on retinal PC vitality.

![Effects of high glucose and O-GlcNAc modification inducers on apoptosis of retinal vascular cells.\
TUNEL staining was used to detect cell apoptosis (red). The nuclei were counterstained with DAPI (blue). Violet color represents TUNEL-positive nuclei on merged photos. (A): represents retinal PC grown in 5 mM glucose medium, (B): in 25 mM glucose medium, (C): treatment with 100 nM Thiamet-G for 1 day in 5 mM glucose medium, (D): positive control, cells treated with 1 µM staurosporine (STP) for 6 h. These images are representative of images evaluated at least 1000 cells for each condition with 3 replicates (original magnification x200). (E); Bar graphs quantify apoptosis, which is expressed as percentage of apoptotic cells for each condition. Data are presented as mean ± SEM (n = 3). Mean ± SEM; \*\*\*\*(p≤0.001) significantly different from 5 mM glucose control.](pone.0095561.g002){#pone-0095561-g002}

Identification of O-GlcNAcylation Target Proteins in Retinal Pericytes {#s3b}
----------------------------------------------------------------------

To delineate the pathways in which O-GlcNAc modification contribute to retinal PC dysfunction require identifying of the target proteins. Reliable purification techniques have thus far limited the identification of O-GlcNAcylated proteins. However, a method developed by our group has improved the purification of O-GlcNAcylated proteins by utilizing chemical reporters and click-It chemistry [@pone.0095561-Zaro1]. We performed a large-scale enrichment from retinal PC using an alkynyl-modified GlcNAc analog (GlcNAlk) as a chemical handle. Identified proteins were compiled and categorized into high- and medium-confidence lists, based on the number of assigned spectra and the fold increase above control (Table S1 and S2 in [File S1](#pone.0095561.s001){ref-type="supplementary-material"}). Using this technology, we have identified 431 proteins by GlcNAlk labeling; representing proteins with diverse cellular functions, and over 115 of which are considered novel targets as they have not previously been reported as targets of O-GlcNAc modification.

The GO term analysis for subcellular localization of the identified proteins (high confidence group) resulted with 43% cytoplasmic, 22% nuclear and 5% cell membrane localization ([Figure 3](#pone-0095561-g003){ref-type="fig"}). We also determined that a group of the identified proteins have dual localization: 14% cytoplasm+nucleus and 7% cytoplasm+cell membrane. Subcellular localization of medium confidence group has a similar distribution: 42% cytoplasm, 19% nucleus, 6% cell membrane, 12% cytoplasm+nucleus, 8% cytoplasm+cell membrane ([Figure 3](#pone-0095561-g003){ref-type="fig"}).

![Subcellular localization of identified O-GlcNAc proteins in retinal PC.\
Proteins have dual localization, indicated in overlapping areas. The complete list of identified proteins provided in Table S1 and Table S2 in [File S1](#pone.0095561.s001){ref-type="supplementary-material"}.](pone.0095561.g003){#pone-0095561-g003}

Functional Characterization of O-GlcNAc Modified Proteins {#s3c}
---------------------------------------------------------

The identified proteins were functionally analyzed and grouped by using Uniport database. Functional characterization of identified proteins indicated that O-GlcNAc modified proteins are involved in a broad range of cellular pathways and biological processes as have been shown in previous proteomic studies ([Figure 4](#pone-0095561-g004){ref-type="fig"}) [@pone.0095561-Zaro1], [@pone.0095561-Hahne1]. To confirm our purification method, we performed Western blot analysis of a subset of GlcNAlk enriched proteome using antibodies against these proteins ([Figure 5](#pone-0095561-g005){ref-type="fig"}). Taken together, the high numbers of O-GlcNAc modified proteins involved in protein synthesis, gene regulation, cellular metabolism and other pathways reflect the potential effects of increased O-GlcNAc modification on retinal PC under hyperglycemia.

![Functional categories of identified O-GlcNAc proteins in retinal PC.\
Multifunctional proteins are included in more than one functional category. The complete list of identified proteins provided in Table S1 and Table S2 in [File S1](#pone.0095561.s001){ref-type="supplementary-material"}.](pone.0095561.g004){#pone-0095561-g004}

![Confirmation of identified proteins by Western blot analysis.\
O-GlcNAlk-modified proteins were enriched from retinal PC treated with Ac4GlcNAlk (200 µM) using azido-azo-biotin and analyzed by Western blotting. 1% of lysates (input) loaded on gel to confirm the existence of proteins in starting material and to indicate no change in expression levels of proteins after Ac4GlcNAlk treatment (Lane 1 and 2). Ac4GlcNAlk-biotin incorporated proteins precipitated using Streptavidin beads (Lane 4). Control cells are not treated with Ac4GlcNAlk (Lane 1 and 3). Membranes are blotted with anti-p53, anti-HSP90 and anti-Galectin-1 antibodies as representative of identified proteins.](pone.0095561.g005){#pone-0095561-g005}

Proteins that are Involved in the Cell Death Processes are among the Identified O-GlcNAcylation Targets {#s3d}
-------------------------------------------------------------------------------------------------------

Initially, we focused our attention on O-GlcNAc modified proteins, which are specifically involved in cell death pathways, because of the established sensitivity of retinal PC to hyperglycemia. We determined that at least 34 of the identified proteins in our proteomic list are involved in the cell death processes. The possible roles of these identified proteins in cell death are listed in [Table 1](#pone-0095561-t001){ref-type="table"}. This data provides a number of target proteins and their potential involvement in the process of early retinal PC loss under hyperglycemia. Among these proteins, p53 is a well-known and widely studied protein, and previous studies have shown a link to p53 degradation via O-GlcNAc modifications [@pone.0095561-Yang2]. Besides p53, this list includes a number of proteins that have important roles in cell cycle and death, such as BAX, heat shock proteins (HSP), peroxiredoxins, 14-3-3 protein zeta/delta, active regulator of SIRT1 and Bag3 ([Table 1](#pone-0095561-t001){ref-type="table"}). The knowledge about the effects of O-GlcNAc modification on these proteins is very limited. It has, however, been reported that O-GlcNAc regulates both the rates and extent of the stress-induced induction of HSPs [@pone.0095561-Zachara1]. PKC activation by a reduction in 14-3-3 zeta in the retina suggested a cause of visual dysfunction during diabetes [@pone.0095561-Kim1]. An increase in apoptotic cells, as well as elevated protein expression of Bax were reported in the retina of diabetic rats [@pone.0095561-Gao1]. It has also been shown that retinal SIRT1 activity is significantly lower in the diabetic mice [@pone.0095561-Kubota1]. In this manner, our results provide a list of proteins regulated by O-GlcNAc modification in retinal PC with important role in cell survival. Functional or expressional alterations in some of these proteins have been already reported in diabetic retina, however the mechanisms that cause these alterations were undefined. Furthermore, some of the proteins identified here are novel targets whose role in the pathogenesis of DR needs further study.

10.1371/journal.pone.0095561.t001

###### The list of O-GlcNAc modified proteins involved in cellular death processes.

![](pone.0095561.t001){#pone-0095561-t001-1}

  Protein Name                                                                           Gene      
  --------------------------------------------------------------------------------- -------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  14-3-3 protein zeta/delta                                                           **Ywhaz**     Involves heterodimerization of Raf kinases that initiate the activation of the extracellular signal-regulated kinase (ERK) cascade, which, in turn, promotes proliferative and survival signaling [@pone.0095561-Morrison1]. Suppress apoptosis through interactions with BCL-2 antagonist of cell death (BAD), BCL-2 interacting mediator of cell death (BIM) and BCL-2 associated x protein (BAX), and through interactions with proteins that transmit apoptotic signals, including the stress-responsive kinase ASK1 (MEKK5) and the forkhead box O1 (FOXO) transcription factors [@pone.0095561-Morrison1], [@pone.0095561-Porter1].
  Active regulator of SIRT1                                                          **Rps19bp1**                                                                                                                                                                                                                                     Directly binds SIRT1 to enhance SIRT1-mediated deacetylation of p53 in vitro and in vivo, which inhibits p53-mediated transcriptional activity [@pone.0095561-Kim2].
                                                                                         Aros      
  Aminoacyl tRNAsynthase complex-interactingmultifunctional protein 1                 **Aimp1**                                                                                                                                                  Inhibits endothelial proliferation via JNK-dependent apoptosis as its level is increased [@pone.0095561-Burastero1]. A potent chemoattractant for monocytes, associated with the clearing sites of apoptotic cell debris by phagocytosis. Induce apoptosis in cultured ECs especially when ECs were exposed to hypoxia [@pone.0095561-Berger1].
                                                                                        Emap2      
                                                                                        Scye1      
  Anamorsin                                                                          **Ciapin1**                                                                                                                                                                                                                                               Anti-apoptotic. Inhibition of CIAPIN1 promotes apoptosis of vascular smooth muscle cells (VSMCs) by regulating Bcl-2 and Bax [@pone.0095561-Yang3].
  Apoptosis regulator BAX                                                              **Bax**                                                                                                                                                                    Plays a central role in the mitochondria-dependent apoptotic pathway. Following a death signal, the protein is translocated to the outer mitochondrial membrane, where it promotes a permeabilization that favors the release of different apoptogenic factors, such as cytochrome c [@pone.0095561-Renault1]
  Aquaporin-1                                                                          **Aqp1**                                                                                                                                                                                                                                      Controls the water loss in the regulation of the apoptotic volume decrease (AVD) and, therefore, the beginning of the process of cell death [@pone.0095561-Jablonski1].
  BAG family molecularchaperone regulator 3                                            **Bag3**                                                                                                                                                                   Anti-apoptotic. Protects IKK-γ from proteasome delivery and this result in sustained NF-kB activation and cell survival [@pone.0095561-Ammirante1], [@pone.0095561-Rosati1]. Retains BAX protein in the cytosol, preventing its mitochondrial translocation [@pone.0095561-Rosati1], [@pone.0095561-Festa1].
                                                                                         Bis       
  Catenin alpha-1                                                                     **Ctnna1**                                                                                                                                                                                                                                                          Loss of α-catenin decreases or increases apoptosis appears to be dependent on the cellular context [@pone.0095561-Benjamin1].
                                                                                        Catna1     
  CDKN2A-interacting protein                                                         **Cdkn2aip**                                                                                                                                                                                                             May activate p53 function by ARF-mediated or ARF-independent mechanisms [@pone.0095561-Cheung2], [@pone.0095561-Kaul1]. A stabilizer and activator of p53, and suppressor of p53 antagonists [@pone.0095561-Cheung3].
                                                                                         Carf      
  Cellular tumor antigen p53                                                          **Trp53**                                                                                                                                                                                                                                                      Well-known inducer of apoptosis by transcription dependent or independent mechanisms [@pone.0095561-Marcel1], [@pone.0095561-Pietsch1].
                                                                                         Tp53      
                                                                                         P53       
  DNA topoisomerase 2-alpha                                                           **Top2a**                                                                                                                                                                                                                            Involves the formation of condensed and fragmented chromatin associated with apoptosis. Overexpression or deregulation expression triggers apoptotic cell death [@pone.0095561-McPherson1].
  Dynamin-1-like protein                                                               **Dnm1**                                                                                                                                                                                                                                                                           Have roles in mitochondrial fission process and apoptosis progression [@pone.0095561-Otera1].
                                                                                         Drp1      
  Galectin-1                                                                          **Lgals1**                                                                                                                                                                                               Activates extracellular signal--regulated kinase-2 (ERK-2), induces the transcription factor AP-1, down-regulates the anti-apoptotic protein Bcl-2, thus a predominates the pro-apoptotic protein Bax and activates caspases [@pone.0095561-Hsu1].
  Heat shock 70 kDa protein 4                                                         **Hspa4**                                                                                                                                                                                                                               A powerful anti-apoptotic protein, inhibits the TRAIL-induced assembly of the death-inducing signaling complex (DISC), stabilize Akt, inhibits BID activation [@pone.0095561-Joly1].
  Heat shock protein HSP 90-α and -β                                                 **Hsp90aa1**                                                                                                                                                                                                                                     A power anti-apoptotic protein by regulating ranscription factors and kinases implicated in apoptosis, such as NF-κB, p53, Akt, Raf-1 and JNK [@pone.0095561-Joly1].
                                                                                     **Hsp90ab1**  
  Heat shock protein 105 kDa                                                          **Hsph1**                                                                                                                                                                                                     Attenuates staurosporine induced apoptosis, but overexpressed HSP105α in mouse embryonal F9 cells enhanced apoptosis in response to and HSP105 is required for caspase-3-mediated apoptosis following ER stress [@pone.0095561-Meares1].
                                                                                        Hsp105     
  Histone deacetylase 6                                                               **Hdac6**                                                                                                                                                                                           Deacetylates Ku70, keeps it in complex with Bax, inhibits Bax-induced cell death. Deacetylates survivin and triggers its nuclear export in a mechanism that controls nuclear acetylated survivin levels and blocks its apoptotic effect [@pone.0095561-Li1].
  Nestin                                                                               **Nes**                                                                                                                                                                                                                                              Degradation of nestin is shown to be a prerequisite for activation of Cdk5 and induction of apoptosis during oxidative stress [@pone.0095561-Sahlgren1].
  Nucleophosmin                                                                        **Npm1**                                                                                                                                                                                                                                                                Inhibits apoptosis induced by a number of factors, including c-Myc, hypoxia and UV irradiation [@pone.0095561-Li2].
  Peroxiredoxin-1, -2 & -4                                                            **Prdx1**                                                                                                                                       Peroxiredoxins are important in eliminating ROS from inducing cytotoxicity. However, when the peroxide levels are sufficiently high to induce hyperoxidation of Prx I, the hyperoxidized high molecular weight oligomers of Prx I have been shown to bind and activate MST1 kinase, which in turn induces apoptosis via a p53-mediated pathway [@pone.0095561-Chae1].
                                                                                      **Prdx2**    
                                                                                      **Prdx4**    
  Phospholipid hydroperoxideglutathione peroxidase, mitochondrial                      **Gpx4**                                                                                                                                                                                                                                                         Counteracted the 12,15-lipoxygenase (LOX) and apoptosis inducing factor (AIF) mediated apoptosis [@pone.0095561-BrigeliusFlohe1].
  Prelamin-A/C                                                                         **Lmna**                                                                                                                                                                                                                       Caspase-6- mediated proteolysis of lamin A/C is crucial for nuclear apoptotic events such as shrinkage, disassembly of nuclear membrane and formation of apoptotic bodies [@pone.0095561-Shahzidi1].
                                                                                         Lmn1      
  Probable ATP-dependentRNA helicase DDX17                                            **Ddx17**                                                                                                                                                                                                                                                                            Interact with Ddx5 and coactivate p53-dependent transcription [@pone.0095561-FullerPace1].
                                                                                         p72       
  Programmed cell death 6-interacting protein                                        **Pdcd6ip**                                                                                                                                                                                                             Acts upstream of caspase 9 activation following cytosolic calcium elevation [@pone.0095561-Strappazzon1]. Interaction with ALG-2 is important in cell death regulated by TNFα receptor-1 [@pone.0095561-MahulMellier1].
                                                                                         Aip1      
                                                                                         Alix      
  Reticulon-3                                                                          **Rtn3**                                                                                                                                                                                                               Directly involved in the endoplasmic reticulum-constituents trafficking events through dually acting as an essential and important ER-stress sensor, and a trigger for the Bcl-2 translocation [@pone.0095561-Wan1].
  Receptor-interactingserine/threonine-protein kinase 2                               **Ripk2**                                                                                                                                                                                                                                                                      Involves in the regulation of apoptosis induced by the CD95 receptor pathway [@pone.0095561-Inohara1].
                                                                                         RICK      
  Ribosomal protein S6kinase alpha-3                                                 **Rps6ka3**                                                                                                                                                                                                                                             Promotes cell survival by increasing CREB-dependent transcription of survival-promoting genes, including Bcl-2, Bcl-xL and Mcl1 [@pone.0095561-Romeo1].
                                                                                         RSK3      
  RNA-binding protein 25                                                              **Rbm25**                                                                                                                                                                                                                                                            Activates proapoptotic Bcl-x~s~ 5′ ss via its interaction with the exonic splicing enhancer, CGGGCA [@pone.0095561-Zhou1].
  Serine/threonine-proteinphosphatase 2A 65 kDaregulatory subunit A alpha isoform    **Ppp2r1a**                                                                                                                                                                                     Acts as a negative regulator for the Akt pathway. Phosphorylation of BAD suppresses, and its dephosphorylation by PP2A promotes pro-apoptotic activity [@pone.0095561-Seshacharyulu1]. Positively regulates the pro-apoptotic activity of FOXO~1~ [@pone.0095561-Yan1].
  Translationally-controlledtumor protein                                              **Tpt1**                                                                                                                                                                                                                                    P53-dependent induction of Tpt1 is able to reduce oxidative stress, minimize apoptosis, and promote cell survival in response to H~2~O~2~ challenge [@pone.0095561-Chen1].
  Ubiquitin carboxyl-terminal hydrolase 10                                            **Usp10**                                                                                                                                                                                                                                                                    Stabilizes p53; deubiquitinates p53 thereby allowing its re-entry into the nucleus [@pone.0095561-Emami1].
                                                                                       Kiaa0190    
                                                                                        Ode-1      
                                                                                        Uchrp      

Increased p53 Levels in Retinal PC under High Glucose Conditions {#s3e}
----------------------------------------------------------------

We detected an elevation of p53 protein level in retinal PC cultured under high glucose (25 mM) compared with normal glucose (5 mM) conditions. The protein expression profile of p53 showed an elevation, which paralleled the increased O-GlcNAc modification level in retinal PC under 25 mM glucose for different days ([Fig. 6A & C](#pone-0095561-g006){ref-type="fig"}). The p53 RNA expression levels, as assessed by quantitative PCR, were not altered in retinal vascular cell (not shown). Finally, we did not detect an increase in p53 protein levels in retinal EC ([Fig. 6B & D](#pone-0095561-g006){ref-type="fig"}) and retinal AC (not shown) under high glucose conditions, corresponding with the limited alterations in O-GlcNAc modification and the rate of apoptosis in these cells ([Fig. 2](#pone-0095561-g002){ref-type="fig"}).

![Alterations in the levels of total O-GlcNAc modified proteins and p53.\
Retinal PC (A and C) and EC (B and D) under high glucose. Protein lysates (50 µg) were analyzed by Western blot analysis for O-GlcNAcylated proteins and p53 under 5 mM (1^st^ lane) and 25 mM glucose respectively for 1 day, 2, 3, 4 and 5 days. The β-actin expression was assessed as a loading control and used for normalization and quantification. Please note the increase in O-GlcNAc and p53 levels under high glucose conditions in retinal PC but not EC.](pone.0095561.g006){#pone-0095561-g006}

In order to assess whether decreased O-GlcNAc modification negatively impacted p53 expression, we applied the GFAT inhibitor DON ([Fig. 7A & B](#pone-0095561-g007){ref-type="fig"}) and the OGT inhibitor Alloxan ([Fig. 7A & C](#pone-0095561-g007){ref-type="fig"}) under 5 mM glucose conditions in order to reduce O-GlcNAc modification, lower than basal level. Under these conditions, we found that p53 was subject to a dose-dependent decrease in protein levels following incubation with GFAT and OGT inhibitors, which again paralleled with a decrease in the levels of O-GlcNAc modification. These results further emphasize the contribution of O-GlcNAc modification to modulation of p53 protein levels in retinal PC.

![Alterations in the levels of total O-GlcNAc modified proteins and p53 in retinal PC incubated with DON and Alloxan for 16\
**h.** Protein lysates (50 µg) from retinal PC were analyzed by Western blot analysis for O-GlcNAcylated proteins and p53 (A). All treatments applied with 5 mM glucose in medium. The β-actin expression was assessed as a loading control and used for normalization and quantification (B and C). Please note a decrease in level of O-GlcNAc modifications and p53 levels.](pone.0095561.g007){#pone-0095561-g007}

Next, we performed an immunoprecipitation (IP) assay of p53 to specifically determine the O-GlcNAc modification of the protein by using anti-p53 conjugated agarose beads in retinal PC lysates. We precipitated the same concentration of p53 protein from PC grown in 5 mM or 25 mM glucose. Blotting with anti-O-GlcNAc antibody, we found that O-GlcNAc modified p53 level was increased in PC grown under 25 mM glucose conditions. Together, these data demonstrated that p53 levels increased in a cell-specific manner in parallel with increased O-GlcNAc modification under high glucose conditions ([Fig. 8](#pone-0095561-g008){ref-type="fig"}). Thus, O-GlcNAcylation of p53 resulted in its increased levels perhaps by interfering with its proteasome-mediated degradation.

![Increased O-GlcNAc modification of p53 in retinal PC under different glucose conditions.\
Same amount of p53 was precipitated from retinal PC lysates (equivalent to 500 µg total protein) with anti-p53 antibody conjugated agarose beads. Line 1 and 2; beginning materials for 5 and 25 mM glucose conditions. Line 3 and 4; precipitated p53. Please note increased O-GlcNAc modified p53 under high glucose conditions.](pone.0095561.g008){#pone-0095561-g008}

Discussion {#s4}
==========

For over 50 years hyperglycemia has been recognized as the primary cause for the majority of diabetes complications. Although the target tissues, and even target cells, of diabetes have been recognized, the detailed molecular mechanisms involved in hyperglycemia-mediated damage remain unclear. In addition, the incentive factors for which hyperglycemia targets specific tissues/cells remains poorly understood. We hypothesized that increased O-GlcNAc modification is involved in the progress of hyperglycemia driven complications and its target/tissue specificity. We and others have found that hyperglycemia induces O-GlcNAc modifications in a cell specific manner [@pone.0095561-Gurel1], [@pone.0095561-Zaro1]. Furthermore, O-GlcNAc modification affects a wide range of proteins, including transcription factors, stress factors, proteins involved in RNA and protein synthesis and processing, as well as those proteins involved in other post translational modifications [@pone.0095561-Gurcel1], [@pone.0095561-Zaro1], [@pone.0095561-Hahne1].

The involvement of O-GlcNAc modification in the post-translational modifications of a wide range of proteins suggests a possible role in the regulation of many cellular pathways. The target proteins of O-GlcNAc modification, and their contribution to the pathogenesis of diabetes complications in affected tissues remain unknown. This may be due, in part, to the dynamic and unstable constitution of this modification, and to the difficulty of the purification of O-GlcNAcylated proteins. We recently described a new technique to improve the enrichment and identification of O-GlcNAc modified proteins by using GlcNAc analogs and click-it chemistry [@pone.0095561-Zaro1]. This method is very efficient for global identification of proteins, which are target of O-GlcNAc modification.

We recently showed that hyperglycemia causes an increase in O-GlcNAc modification of retinal vascular cell proteins in a cell-specific manner. In focusing on the retinal vascular cells, which are the target of hyperglycemia-driven DR, we found that retinal PC are more susceptible to the elevation in O-GlcNAc modification under high glucose conditions compared with retinal EC or AC [@pone.0095561-Gurel1]. Interestingly, PC loss is one of the earliest changes detected in the pathogenesis of DR [@pone.0095561-Cogan1]. This overlap led us to investigate the role of increased O-GlcNAc modification in early PC loss during diabetes.

Here we showed a significant increase in apoptosis of retinal PC under high glucose conditions or by treatment with O-GlcNAc increasing pharmacological agents ([Figure 1](#pone-0095561-g001){ref-type="fig"} & [2](#pone-0095561-g002){ref-type="fig"}). However, we did not detect any effect on death of retinal EC or AC, under high glucose conditions or by exposure to O-GlcNAc-inducing agents. Furthermore, inhibition of O-GlcNAc modification under high glucose conditions protected retinal PC from apoptosis. Thus, high glucose mediated O-GlcNAc modification in retinal PC has an adverse effect on their survival.

To gain insight into the mechanisms involved, we determined the identity of proteins, which are target of O-GlcNAc modification in retinal PC. Following enrichment of O-GlcNAcylated proteins in retinal PC using GlcNAlk as chemical handle and LC-MS/MS analysis, we identified 431 proteins (Table S1 and S2 in [File S1](#pone.0095561.s001){ref-type="supplementary-material"}). The identified proteins spanned a broad range of cellular localizations ([Figure 3](#pone-0095561-g003){ref-type="fig"}) and functions ([Figure 4](#pone-0095561-g004){ref-type="fig"}). We have provided a list of cell death related proteins among identified proteins, and some information regarding their potential functions ([Table 1](#pone-0095561-t001){ref-type="table"}). We have initially focused on specific set of proteins that may have a role in early PC loss driven by hyperglycemia and increased O-GlcNAc modification. In this manner, we demonstrated that p53 protein level was increased, specifically in retinal PC, under high glucose conditions ([Figure 6](#pone-0095561-g006){ref-type="fig"}).

Recent studies have indicated that O-GlcNAc modification may slow down protein degradation by directly modulating proteasome activity, regulating the ubiquitination process, or interfering/accelerating other post-translational modifications of proteins [@pone.0095561-Ruan1]. The O-GlcNAc modification regulates the degradation of p53, Δ-Lactoferrin, Snail1, Estrogen Receptor β (ERβ), Casein kinase 2 alpha (CK2α), CREB regulated transcription coactivator 2 (CRTC2), Peroxisome proliferator-activated receptor gamma co-activator 1-alpha (PGC-1α) and BMAL1/CLOCK [@pone.0095561-Ruan1]. Phosphorylation of both serine and threonine residues on the N terminus of p53 increases its stability by decreasing its interaction with Mdm2. In contrast, phosphorylation of Thr155 promotes Mdm2 and p53 interaction, and thus, increases p53 degradation. The O-GlcNAc modification of Ser149 increases p53 stabilization by preventing phosphorylation of Thr155 [@pone.0095561-Yang2]. Collectively, these studies and our data indicate that regulation of p53 stability by O-GlcNAc modification may regulate hyperglycemia-induced cell death in retinal PC. Further *in vitro* and *in vivo* studies delineating the alterations in function, stability and localization of O-GlcNAcylated proteins under hyperglycemia will provide significant contribution towards decoding pathways involved in loss of retinal PC and pathogenesis of DR.

Supporting Information {#s5}
======================

###### 

**Proteins selectively identified in GlcNAlk samples by mass spectrometry.** Data was considered high confidence (Table S1) if the number of assigned spectra was at least 10-fold greater for GlcNAlk samples compared with DMSO control samples. Further, the protein must have been identified with spectral counts greater than or equal to 5. Data was considered medium confidence (Table S2) if the number of assigned spectra was at least 2 fold greater for GlcNAlk samples than DMSO control samples. Further, the protein must have been identified with spectral counts greater than or equal to 2. Bolded proteins were not identified previously as O-GlcNAc modification target.
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